Pregnancy affects essentially all aspects of kidney physiology. The orchestration of changes that occur is a physiologic feat. Kidney and systemic hemodynamics are marked by significant volume expansion and vasodilation. Glomerular filtration rate (GFR) increases 50% and renal plasma flow (RPF) increases up to 80% as compared with nonpregnant levels. Tubular function and handling of water and electrolytes are altered, leading to mild increases in proteinuria, glucosuria, lower serum osmolality, and reductions in serum sodium levels. The kidneys are larger during pregnancy because of fluid retention, and physiologic hydronephrosis is common.
Diet in Renal Disease formula underestimates GFR compared with 24-hour creatinine clearance. Twenty-four-hour urine collections for inulin or creatinine clearance remain the gold standard for GFR measurement, but are clinically impractical and rarely needed, hence our ongoing reliance on serum creatinine. The heterogeneous classification of CKD in pregnancy studies contributes to underrecognition and uncertainties around diagnosis.(5) Estimating proteinuria in pregnancy Proteinuria needs to be measured first to monitor pre-existing proteinuria, which may increase substantially during pregnancy. The protein-creatinine ratio (PCR) is the preferred method for quantitating proteinuria in the non-pregnant state (6)and its use is recommended to monitor preexisting proteinuria during pregnancy. The second indication is for the diagnosis of preeclampsia, which is defined as the new onset of hypertension (blood pressure (BP) >140/90 mmHg) and proteinuria (>300 mg protein in a 24-hour urine collection) after 20 weeks' gestation.(7)Although there are limitations to 24-hour urine collections, the use of PCR for the diagnosis of pre-eclampsia has been controversial, with discordant conclusions compared with 24-hour urine collections.(8) Epidemiology of CKD in pregnant populations Few studies have explored the population prevalence of CKD in pregnancy. A Norwegian population study provides the best data, suggesting CKD affects 3.3% of pregnancies, with the prevalence of CKD stages 1, 2, and 3 being 2.4%, 0.8%, and 0.1%, respectively.(9) Early stage CKD can be difficult to define in pregnancy, and robust prevalence data are lacking. Advanced CKD (stage 3 -5) is estimated to affect 1:150 women of reproductive age and 1:750 pregnancies.(10) Primary renal diagnosis and outcomes CKD etiology has less influence on outcomes than CKD stage, proteinuria, hypertension, and preeclampsia. An exception is systemic lupus erythematosus (SLE) nephritis: outcomes are poorer than for women with comparable renal impairment from other causes, particularly if associated with antiphospholipid antibodies.(11) Women with autosomal dominant polycystic kidney disease have an increased risk of preeclampsia and urinary tract infection. Hepatic cysts may enlarge in the estrogenic environment, and known cerebral aneurysms should be assessed prior to labor. There is also a risk of intracystic hemorrhage during labor, and large renal cysts should be monitored prior to and following delivery.(12) Outcomes in other common nephropathies including IgA nephropathy do not consistently differ from same-stage CKD of other etiology,(13) although robust comparative data between primary diseases remain limited. Diabetic patients (particularly if poorly controlled) have increased rates of preeclampsia, fetal abnormalities, and fetal loss; proteinuric diabetic nephropathy may worsen in pregnancy, and the combination of diabetes, proteinuria, renal impairment, and hypertension is particularly difficult. These risks may be elevated in women with "overt" diabetic nephropathy compared with those with early stage disease.(14) Establishing good glycemic control and lowering the hemoglobin A1c preconception is important to improve maternal and neonatal outcomes, including reducing the risk of fetal malformation. There is some evidence that the risk of congenital abnormalities in diabetic women may be increased in the presence of nephropathy, underscoring the need for optimized glycemic control.(15) Management of pregnancy in women with CKD Preconception planning Given the high rate of associated morbidity, women with CKD should have prepregnancy counseling early in their disease course. Contraceptive options should be explored if a delay in pregnancy is desirable, with clear explanation of the benefits of careful pregnancy planning. Key areas for discussion include an exploration of risks and outcomes, assessment of relevant risk factors; optimizing modifiable factors including control of primary renal disease and blood pressure (BP); implementation of drug changes; decisions regarding timing of conception; and development of a comprehensive pregnancy management plan. Genetic counseling should be offered to women with inheritable renal disease. As for all pregnant women, preconception and first trimester folic acid supplementation is recommended. In dialyzed women, 3-5 mg/day may be required, due to losses during dialysis. Pregnant women with CKD benefit from specialized (tertiary or quaternary) multidisciplinary team management including obstetricians, obstetric physicians/nephrologists, anesthetists, dietetic, and midwifery input.(16) While the overall risk of pregnancy problems is increased in women with CKD, many women will have uncomplicated pregnancies and excellent outcomes, but still require frequent antenatal review, particularly monitoring maternal renal function and BP, and fetal growth and well-being.(17) Management of primary disease Women with glomerulonephritis including lupus nephritis require quiescent disease and stable immunosuppression for at least 6 months prior to conception. Immunosuppression should be adjusted and continued throughout pregnancy to abrogate risk of disease flare (Table 1) , with recent reports of successful use of tacrolimus for SLE nephritis in pregnancy. (18) Women with SLE should have testing for anti-Ro and anti-La antibodies, which are associated with neonatal lupus and congenital heart block, and markers of antiphospholipid antibody syndrome, which may necessitate specific management in pregnancy. Hydroxychloroquine should be continued through pregnancy in Ro+/La+ women.(19) Comorbid conditions require specific attention. Good diabetic control is important preconception and during pregnancy, and is associated with better outcomes.(20) Urine surveillance should occur regularly, with aggressive treatment of asymptomatic bacteriuria, particularly in women with reflux nephropathy, autosomal dominant polycystic kidney disease, and immunosuppression. Prophylactic antibiotics should be considered for the remainder of the pregnancy after a first episode of urinary tract infection, although this is not universally implemented.(21) Diagnosis of pregnancy Renal excretion of β-human chorionic gonadotropin (β-hCG) produced by somatic cells is reduced in CKD. Urine pregnancy tests may be falsely positive. Serial blood β-hCG testing and pelvic ultrasound are useful to confirm pregnancy and determine accurate gestational age, rather than date of last menstrual cycle, as irregular cycles and anovulation are common in advanced CKD. (22) 
Hypertension
Controlling hypertension before and during pregnancy is essential. A meta-analysis by Bramham et al of nearly 800,000 pregnancies in non-CKD chronic hypertensive women demonstrated markedly increased risks of superimposed preeclampsia, cesarean section, preterm delivery, intensive care admission, and perinatal death. Hypertension is an additive risk factor at all stages of CKD. (23) There is insufficient evidence regarding BP targets and treatment-related modification of outcomes in hypertensive CKD pregnancies, although the National Institute for Health and Care Excellence guidelines recommend maintaining BP <140/90 mmHg in hypertensive women with CKD. Concerns regarding effects of lower BP on fetal growth were addressed in the CHIPS trial, where tighter control of diastolic BP reduced severe maternal hypertension with no significant fetal impact(24). However, caution should be used in extrapolating these findings to women with CKD owing to potential differences in vascular disease burden or placentation.(25) First-line medications commonly used for pregnancy hypertension include methyldopa, labetalol, and nifedipine. Antihypertensive management in pregnancy.(26) Angiotensin-converting enzyme (ACE) inhibitors and angiotensin receptor blockers are contraindicated due to intrauterine growth restriction, renal dysplasia, oligohydramnios, and fetal death.(27) Proteinuria and nephrotic syndrome Proteinuria is an important parameter for risk stratification of maternal CKD. The sensitivity and specificity of the spot protein/creatinine ratio is adequate to exclude significant proteinuria, and enable monitoring of existing proteinuria. However, in many centers, 24-hour urine collections remain the preferred test. Proteinuria is more likely to commence or worsen in pregnancy as CKD stage advances, and is probably independently associated with adverse pregnancy outcome.(28) Little data are available regarding prophylaxis against venous thromboembolism in women who develop nephrotic-range proteinuria or nephrotic syndrome in pregnancy. Given the prothrombotic risks of nephrotic syndrome and pregnancy, along with other risk factors including obesity and immobility, it may be appropriate to commence prophylaxis with lowmolecular-weight heparin. Doses should be corrected for renal function in advanced CKD. If underlying glomerulonephritis is suspected, immunosuppression may be appropriate. Substantial edema may be managed with diuretics, with monitoring for oligohydramnios. Albumin infusion has also been used; however, the supporting evidence is insufficient and proteinuria may be paradoxically increased.(29) Pregnancy in dialyzed women Despite reduced fertility in women with advanced (stage 4 -5) CKD undergoing dialysis, pregnancies still occur, presenting significant clinical challenges. Historically, high rates of fetal loss (>50%) and generally poor outcomes reinforced clinical pessimism. However, since the late 1990s, with recognition that increased dialysis intensity improves outcomes, successful birth rates have risen to 70%-90%, although pregnancies remained complicated by hypertension (50%-70%), preeclampsia (18%-67%), polyhydramnios (up to 40%), intrauterine growth restriction (17%-77%), and prematurity and low birth weight (50%-100%).(30) Improvements in live birth, gestational age, and birth weight have been observed with intensive hemodialysis regimens, achieved via daily (or near-daily) treatments, longer treatment hours, or nocturnal dialysis.(31) The Italian Study Group of the Kidney and Pregnancy suggests daily nocturnal dialysis for women without residual renal clearance, aiming for at least 36 hours per week.(31) Long-hours dialysis achieves lower maternal urea levels, reducing fetal-osmotic diuresis and polyhydramnios, and avoiding rapid fluid shifts, uteroplacental hypoperfusion, and fetal distress. Treatment should aim for predialysis blood urea nitrogen levels <50 mg/dL (17.9 mmol/L) or urea levels <100 mg/dL (16.6 mmol/L); women with residual renal function may require less intense dialysis to achieve these targets.(32) Hemodialysis management considerations include attention to predialysis biochemical parameters, frequent review of ideal weight, BP control, anticoagulation, diet modifications, and anemia management. The timing of initiating dialysis has prognostic significance because residual renal function is an important determinant of outcome. Data from the ANZDATA registry demonstrated superior live birth rates (91% vs 63%), but no difference in gestational age or birth weight, in women with advanced CKD who commence chronic dialysis (predominantly hemodialysis) during pregnancy, compared with women already receiving chronic dialysis at conception.(33)
Pregnancy in transplant recipients
Fertility is significantly increased after kidney transplantation, and the chances of successful birth are markedly increased compared with the dialysis cohort.(34) The ANZDATA registry has reported an overall live birth rate of 76% (97.8% for pregnancies reaching >20 weeks gestation), with most pregnancy losses occurring in the first trimester, and the rate of elective termination falling over time from 25% in the 1970s to 3% in the 2000s. (35) In particular, preeclampsia occurs in 25%-35% of pregnancies, and growth restriction or preterm birth in 30%-50%; rates have been shown to be similar between transplanted and dialyzed women. For women with stable and good allograft function, pregnancy does not appear to adversely impact long-term graft function or patient survival, although some women will have transient graft dysfunction or failure of creatinine to fall during pregnancy. (36) Clinical management is largely similar to the CKD pregnancy cohort. Issues specific to transplanted women include determining appropriate timing of conception post-transplant, adjustment of immunosuppression, surveillance of allograft function, and vigilant monitoring for preeclampsia, rejection, and infection in the immunocompromised recipient. As in women with CKD, distinguishing preeclampsia from chronic hypertension or graft rejection can present a diagnostic dilemma. The optimal timing of pregnancy is not conclusively established by the available data, but must be balanced against the window of opportunity for childbearing. Effective contraception should be strongly recommended peri-transplantation; contraceptive options require careful consideration based on comorbidities and individual factors, however, intrauterine devices or combined barrier/hormonal methods are considered the safest option.(37) Pregnancy occurring within 1 year from transplantation may be safe, but other studies suggest a longer time posttransplant is favorable. The recommended interval of transplantation to pregnancy is 1-2 years, provided graft function is stable, hypertension controlled, and the immunological environment favorable with low risk of rejection or infection.(38) Immunosuppressive therapy must be adjusted preconception in transplant and nontransplant patients. Graft function should be monitored for at least 3 months following immunosuppression changes, with reassessment of donor-specific antibodies in sensitized recipients. Most studies report a large number of immunosuppression combinations used in pregnancy, making subanalysis of immunosuppression and pregnancy outcomes difficult. Calcineurin inhibitors (tacrolimus or cyclosporine), prednis(ol)one, and azathioprine are most commonly used, and considered reasonably safe, without increased risk of congenital defects above the background population rate.(39) During pregnancy, blood levels of tacrolimus and cyclosporine may fall, necessitating surveillance and dose adjustment. Tacrolimus pharmacokinetics alter in pregnancy with increased unbound active fraction, although this is not routinely measured. Tacrolimus and prednis(ol)one have been associated with diabetes mellitus, but evidence for increased rates of gestational diabetes in the kidney transplant cohort is inconclusive. Mycophenolate mofetil is known to increase early pregnancy loss and birth defects, and should be ceased preconception. More data are needed to explore the safety of mammalian targets of rapamycin inhibitors in pregnancy, with some evidence of effect on fetal metabolism and growth; therefore, avoidance is preferable. (40 
